By means of CCD-camera pictures, the physical phenomenon behind switching in antiferroelectric liquid crystal displays is investigated. The addressing scheme of Nippondenso is used. During the line addressing period, fast homogeneous switching takes place. During the rest of the frame time under the holding voltage, slow domain wall motion takes place.
Introduction
In an antiferroelectric liquid crystal display, the liquid crystal within a pixel is either in the alternating dark state or in the bright switched up or down state. Grey levels can occur in a pixel by "in-pixel domain switching", i.e. certain areas of the pixel are in the switched state, the remaining areas are in the alternating state. The eye sees a grey level. In our simulation models [1] , we attributed this phenomenon to a variation of the surface anchoring constant over the pixel. Switching from one grey level to another may occur either by "homogeneous switching", i.e. a whole domain switches to the opposite state, or by "domain wall motion", i.e. a bright domain grows at the expense of a neighbouring dark domain or vice versa. In previous publications we described the theory and simulation results of homogeneous switching [2] and of domain wall motion [3] . In the present paper these two ways of switching and their relative importance are investigated for the specific case of an antiferroelectric display, which is addressed by the addressing scheme of the full color prototype of Nippondenso [4] . The switching phenomenon is visually observed through a microscope, and the images are stored by means of a CCD-camera and frame grabber at precise moments in the frame period. The observations are explained using the information from simulations of homogeneous switching and domain wall motion.
Homogeneous switching
An antiferroelectric liquid crystal has a static hysteresis loop as shown in fig. 1 . For a given surface anchoring constant γ, there is a threshold voltage V a→s above which the LC switches from the alternating dark state to the bright up state. There is however a distribution of γ over the area of the pixel, which results in a distribution of the threshold voltage over the pixel. The Nippondenso addressing scheme gives rise to signals over the pixel as shown in fig. 2 (crosstalk is not shown). The switching time obeys τ(V s -V a→s ) 2 =cst. For a given γ, say γ 1 , and a given V s , switching takes place if τ < t s . This switching occurs homogeneously i.e. all areas of the pixel where γ < γ 1 will switch. The areas where γ > γ 1 stay in the dark state. After the first switching pulse and for the rest of the frame time, the holding voltage is applied (and cross talk signals). During this holding period, domain wall motion occurs as will be explained in the next section. The second switching pulse at the end of the frame period may restore the effect of this domain wall motion. It is also introduced to minimize ion motion, but ion motion mainly takes place during the holding period. We think that the function of this second pulse is minimal and that it could be omitted. The next frame time, the same sequence of signals but of opposite polarity occurs. One should notice that this first negative polarity pulse, switches those parts of the pixel that were in the bright up state to the bright down state and not to the intermediate dark state. Furthermore those area's, corresponding to γ > γ 1 , which still were in the dark state, remain in that dark state. It is thus impossible to go from a bright state to a darker state, it is only possible to go from a bright state to an even more bright state, at least by means of homogeneous switching. This phenomenon can, in principle, be avoided by inserting after each frame time a rest period where each pixel is switched to the alternating dark state before it is switched back, at least partially, to the bright down state. This signal sequence has however not been introduced by Nippondenso. 
Domain wall motion
Domain wall motion can be observed at a pixel voltage where both the alternating dark state and the bright up state correspond to a local energy minimum. The wall that separates both domains will move in the direction that favours this state that corresponds with an absolute energy minimum. In [3] it is explained that there exists a threshold value V t ( fig. 1 ) where both local energy minima are equal, and where the wall motion stops. According to the simple model used in [3] , this V t is independent of the surface anchoring constant γ, so that in principle, even with a statistically varying γ, all domain wall motion could be stopped. However one should keep in mind that during the holding period the voltage over the pixel is disturbed by the cross talk signals. For a pixel voltage V < V t , the wall moves in the direction favouring the dark state, for V > V t the opposite takes place. The wall velocity is almost linearly dependant on V-V t and is about 0.1 mm/sec for V-V t = 1 Volt. The domain walls can move only in one direction, i.e. in the direction parallel to the smectic layers. In fig. 3 domain walls in motion are shown. They propagate in the direction of the smectic layers resulting in domains in the form of propagating fingers. In fig.  3 the domains nucleate at the ITO limit. 
Experimental Set-up
The sample cell is 1.6 µm thick and is filled with the antiferroelectric liquid crystal mixture CS-4000 or CS-4001 of Chisso Corporation. The aligning layers are nylon. The cell is mounted on the table of a polarisation microscope. The switching phenomenon can be observed visually through the microscope objective, or the images can with a CCD camera and a frame grabber be stored in a computer memory. If one is only interested in the total intensity of the optical signal and not in its nonhomogeneous spatial distribution, one can use a photodetector. The programmable function generator not only generates the voltages that are applied to the sample, but also synchronizes the CCD-camera and the frame grabber. In this way we succeed in taking pictures at an exact moment in the frame period. The CCD-camera has an electronic switch that allows an opening time of 1 msec. A shorter opening time gives too dark a picture.
Observations and interpretation
The most interesting phenomenon to study is the switching from one grey state to another. In fig. 4 , a periodic voltage is applied with 10 frame periods with a switching pulse of 35 Volt, followed by 10 frame periods with a switching pulse of 20 Volt. The holding voltage must be taken somewhat lower than the threshold voltage V t , so that during the holding period the walls move in the direction favoring the dark state. This holding voltage was taken to be 10 Volt. Let us first discuss the transition from the darker to the brighter state. At the first switching pulse most domains and corresponding domain walls are formed. The surface anchoring constant varies both in the rubbing direction, the x-axis, and in the layer direction, the y-axis ( fig. 5) . Only the walls of the type at the left of the figure can move during the holding period and they will move favoring the dark state. If the velocity of the wall motion is v (in mm/sec) and there are n-walls per mm length in the y-direction, a finger will be completely dark after a time τ'=1/vn. This number is independent of the dimensions of the pixel and independent of the surface anchoring constant. The velocity v is more or less a constant, so this τ' mainly depends on the number of walls. During the first holding period there are still many walls of the "left" type so that there is a noticeable decrease of transmission. When the walls reach the end of the pixel they disappear, so the number of walls diminishes. During the second holding period the decrease in transmission is already noticeably smaller, and after two to three frame times almost all walls of the left type have disappeared and there is no noticeable decrease in transmission any more. Some walls will nucleate spontaneously during the holding period, but this is a very slow process and gives rise to a hardly noticeable decrease in transmission during the steady state. In fig. 6 a picture is taken immediately after the selection pulse and immediately before the next selection pulse in a steady state situation. One hardly sees any change in domain walls. Let us now discuss the transition from the brighter to the darker state. As remarked before the switching pulse has no effect: the dark domains remain dark, the bright domains remain bright; the switching pulse creates no extra domains or domain walls. The transition to the darker state can only occur through spontaneous nucleation and domain wall motion. After the first frame time only a few domain walls have spontaneously nucleated, after two, three frame times the number of moving walls has reached a maximum, after even more frame times, the walls have reached the other side of the pixel and we finally end up in the steady state with again hardly any change in transmission.
Conclusions
In an antiferroelectric liquid crystal transitions from one grey level to another involve both homogeneous switching and domain wall motion. Homogeneous switching occurs fast, in the order of 100µsec. When using the Nippondenso addressing scheme, to go from a darker to a brighter state, most of the transition is realised through homogeneous switching, but some wall motion still occurs during the first following frame periods. When going from the brighter state to the darker state, no homogeneous switching takes place and the transition occurs completely through domain wall motion and requires several frame times. This phenomenon can be avoided by adding a rest period during which one switches to the alternating dark state.
